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Proteoliposometein 2 (TGBp2) of Bamboo mosaic virus (BaMV) has been proposed to be a
transmembrane protein; however, its features remain unclear. Here, we used biochemical approaches to
determine its topological properties. Our data reveal that TGBp2 is mainly associated with the endoplasmic
reticulum membrane. The resistance of TGBp2 in proteoliposomes, prepared from both the BaMV-infected
tissues and in vitro reconstitution system, to both chemical extraction and trypsin digestion conﬁrmed that it
is indeed an integral membrane protein. On the basis of the minor change in the size of the major stable
TGBp2-derived tryptic fragment from the monomeric TGBp2, as well as the sensitivity of the cysteine
residues at the C-terminal tail of TGBp2 to maleimide modiﬁcation, we suggest that TGBp2 adopts a topology
with both its short N- and C-terminal tails exposed to the outer surface of the endoplasmic reticulum.
Moreover, TGBp2 is able to self-assemble as revealed by the signiﬁcant increase in multimeric TGBp2 when
the TGBp2-containing proteoliposomes were treated with chemical crosslinker or oxidation agent.
© 2008 Elsevier Inc. All rights reserved.Introduction
Movement of plant viruses requires assistance of virus-encoded
proteins, which are collectively deﬁned as movement proteins
(Atabekov and Taliansky, 1990; Hull, 1989). At least in Potexvirus,
Carlavirus, Allexivirus, Foveavirus, Hordeivirus, Benyvirus, Pomovirus,
and Pecluvirus, the movement proteins are encoded by three partially
overlapping genes termed the “triple gene block” (TGB) (Huisman et
al., 1988; Morozov and Solovyev, 2003). The TGB-encoded proteins are
referred to as TGBp1, TGBp2, and TGBp3 according to the positions of
genes in the block (Solovyev et al., 1996). Mutational analyses of
infectious cDNA clones of viral genomes have demonstrated that the
TGB proteins are essential for viral movement between plant cells
(Beck et al., 1991; Herzog et al., 1998; Ju et al., 2007; Lin et al., 2004;
Petty and Jackson, 1990).
On the basis of primary structure comparisons of the TGB proteins,
two classes of viruses have been distinguished: hordei-like and potex-
like (Morozov and Solovyev, 2003). Bamboo mosaic virus (BaMV) is a
member of the potex-like viruses. The TGBp1 of potex-like viruses is
multifunctional. It binds non-speciﬁcally to ssRNA (Kalinina et al.,
1996; Lough et al., 1998; Wung et al., 1999) and possesses NTPaseHsu),
l rights reserved.(Kalinina et al., 1996; Liou et al., 2000; Morozov et al., 1999) as well as
helicase activities (Kalinina et al., 2002). Moreover, it is able to interact
with plasmodesmata (PD) to increase the size exclusion limit (SEL) of
PD (Angell et al., 1996; Lough et al., 1998; Malcuit et al., 1999; Morozov
et al., 1999; Yang et al., 2000), to form ribonucleoprotein (RNP)
complexes with viral CP and RNA (Lough et al., 2000), and to suppress
viral RNA silencing (Voinnet et al., 2000).
TGBp2 and TGBp3 are assumed to be endoplasmic reticulum (ER)
membrane-associated proteins with two and one transmembrane
helices, respectively (Krishnamurthy et al., 2003; Mitra et al., 2003;
Schepetilnikov et al., 2005). The membrane topologies of Potato mop-
top virus (PMTV) TGBp2 and Beet yellow virus (BYV) p6 have been
determined recently using the technique of bimolecular ﬂuorescence
complementation (BiFC) (Zamyatnin et al., 2006). Mutation analyses of
Potato virus X (PVX) TGBp2 and TGBp3 in the transmembrane domains
revealed that both proteins are ER-associated and that the associations
play roles in but are insufﬁcient for viral cell-to-cell movement. These
results suggest that TGBp2 and TGBp3may facilitate PVXmovement by
activities other than their ER association (Krishnamurthy et al., 2003;
Mitra et al., 2003). It has been also reported that TGBp2 is able to
induce the formation of ER vesicleswhich are able to associatewith the
actin network (Ju et al., 2005).Moreover, both TGBp2 and TGBp3 can be
transported intracellularly from rough ER to the ER-derived peripheral
bodies (Schepetilnikov et al., 2005) and intercellularly by the
mediation of TGBp1 (Krishnamurthy et al., 2003). The ability of
Fig. 1. The amino acid sequence of TGBp2. The two underlined amino acid sequences
indicate the two transmembrane helices of TGBp2 as predicted by ExPASy proteomic
tools with the program HMMTOP 2.0. The amino acid residues in between the two
transmembrane helices belong to the U-loop region or the central domain of TGBp2.
The eight trypsin digestion sites of TGBp2 are indicated by the symbol, ▼.
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the early endosome, and to interact with a protein belonging to the
highly conserved RME-8 family of J-domain chaperones suggests the
involvement of endocytic pathway in viral intracellular movement
(Haupt et al., 2005). However, the topological and functional properties
of these two TGB proteins remain poorly understood.
Due to the difﬁculties in overproduction of both TGBp2 and TGBp3,
and in preparation of their antibodies, topological and functional
analyses of these two proteins have previously utilized the technique
of fusionwith yellow or green ﬂuorescence protein (YFP or GFP) (Ju et
al., 2005; Schepetilnikov et al., 2005; Zamyatnin et al., 2006).
However, complementary biochemical data for these analyses have
not been obtained. To fully understand the topological and functional
properties of TGB proteins, systems with both TGB proteins properly
integrated into the membrane needed be developed. Here, we report
the preparation of proteoliposomes containing TGBp2 and their use in
the study of the topological properties of TGBp2.Fig. 2. Immunological analysis of TGBp2 in the BaMV-infected tissues. (A) Subcellular fra
homogenates from mock-inoculated (H) and BaMV-infected tissues (I) were fractionated int
methods). Proteins in each of the subcellular fractionwere run onTricine SDS-Polyacrylamide
TGBp2 pre-cleanedwith the membrane (or proteoliposome) sample isolated from healthyN.
protein markers. M, D, and Tr shown on the right indicate the monomeric, dimeric, and tr
(B) Contents of TGBp2 in the leaf tissues of C. quinoa during BaMV-infection. The leaf samples
protein samples equivalent to 100 mg of fresh leaves were used. C, the TGBp2 puriﬁed from
numbers above the ﬁgure indicate days postinoculation. (C) Co-fractionation of TGBp2 with B
20) obtained after linear sucrose density gradient (20 to 45%) centrifugation (see Materi
chemiluminescence system.Results
Subcellular localization of TGBp2 in the BaMV-infected tissues
The TGBp2 of BaMV was predicted to be an integral membrane
protein with two transmembrane helices (Fig. 1); however, biochem-
ical evidence supporting this view has not been obtained. To allow us
to conﬁrm or refute this view, we ﬁrst overproduced TGBp2 in E. coli
(data not shown). The putative TGBp2 was recovered from the gel by
electroelution and subjected to N-terminal sequencing. The sequence
of the ﬁrst 10 amino acid residues was MDQPLHLARP which exactly
matched the BaMV TGBp2 (Fig. 1). Therefore, this proteinwas used for
further preparation of antiserum against TGBp2 (anti-TGBp2).
Although TGBp2 had once been detected in the total cell extract of
the PVX-infected tissues (Price, 1992), immunological detection of
other TGBp2 homologues in the subcellular fractions of the virus-
infected tissues was difﬁcult for certain unknown reasons. Our initial
attempt to detect TGBp2 in the BaMV-infected tissues also failed,
perhaps due to a low titer or functionality of anti-TGBp2, the lower
content of TGBp2 in the BaMV-infected tissues, the small size of the
protein, or the membrane association of TGBp2. To overcome these
problems, Tricine SDS-PAGE, which separates small proteins (Schäg-
ger and von Jagow, 1987) along with a chemiluminescence immuno-
detection system (PerkinElmer) were adopted for the analysis. As
shown in left panel of Fig. 2A, proteins reacting to the anti-TGBp2 pre-
cleaned with the membrane (or proteoliposome) sample prepared
from the healthy leaves of Nicotiana benthamianawere detected in the
P1 (cell wall) and P30 (membrane) fractions of the BaMV-infected N.ctionation of TGBp2 in N. benthamiana (left panel) and C. quinoa (right panel). Leaf
o cell wall (P1), membrane (P30), and soluble cytosolic fraction (S30) (see Materials and
gel and subjected to immunoblot analysis with a chemiluminescence system using anti-
benthamiana or C. quinoa. Shown on the left margin are the molecular masses (in kDa) of
imeric forms of TGBp2. C, the TGBp2 puriﬁed from the E. coli overexpression system.
were collected at different days postinoculation. For immunological detection of TGBp2,
the E. coli overexpression system; H, the proteins in P30 of the healthy C. quinoa; the
ip in the infected tissue of C. quinoa. The fractionated protein samples (from no. 1 to no.
als and methods) were subjected to immunoblot analysis of TGBp2 and Bip using a
3H.-T. Hsu et al. / Virology 379 (2008) 1–9benthamiana (I). Since no signiﬁcant protein signal was detected in
corresponding fractions of the healthy leaves (H), we assumed that the
pre-cleaned antiserum is speciﬁc to TGBp2 and the proteins detected
in the P1 and P30 fractions of the BaMV-infected N. benthamiana are
supposed to be the monomeric (M), dimeric (D), and trimeric (Tr)
forms of TGBp2 on the basis of their gel mobilities. However, almost
no protein signal expected for TGBp2 was detected in the cytosolic
fraction, S30, of the BaMV-infected tissues. Similarly, TGBp2 was
detected mostly in P1 and P30 fractions of the BaMV-infected Che-
nopodium quinoa using anti-TGBp2 pre-cleaned with the membrane
sample prepared from the healthy C. quinoa (Fig. 2A, right panel).
Taken together, these results indicated that TGBp2 is mainly
associated with the membrane and cell wall systems and it may be
able to form multimers in the BaMV-infected tissues.
In addition, the level of TGBp2 accumulation in P30 of the BaMV-
infected C. quinoa tissues during the course of viral infection was
analyzed (Fig. 2B). TGBp2 started to accumulate from the 3rd day and
to diminish at the 11th day post viral infection. The persistence of
TGBp2 in P30 during the course of viral infection strengthened the
idea that TGBp2 is stably associated with the membrane.
TGBp2 of BaMV is ER-associated
To analyze whether TGBp2 is ER-associated as suggested by the
study on the PVX TGBp2-GFP fusion (Mitra et al., 2003), co-
fractionation of TGBp2 with a 78-kDa ER luminal Hsc 70 marker
protein, Bip, in P30 was examined by a linear sucrose density gradientFig. 3. Chemical extraction and trypsin digestion of TGBp2-containing membrane vesicles pre
the proteoliposomes in P30. The P30 isolated from the BaMV-infected N. benthamiana was
centrifugation at 30,000 ×g to yield the supernatant (S) and pellet (P) fractions, which were
with the proteoliposomes in P30. The proteoliposomes in P30 obtained from 130 mg of the B
5,10,15, 20, or 25 μg of trypsin, respectively, in a ﬁnal volume of 200 μl. Each of the samples w
with anti-TGBp2 (see Materials and methods). The stable tryptic fragments are indicated by(20 to 45%) centrifugation, inwhich Bip would be fractionated into the
rough ER-associated fractions and sediment at higher sucrose
concentration (Sumin and Helene, 2003). In order to conﬁrm that
TGBp2 is associated with ER, the P30 was subjected to a step (34% and
45%) sucrose gradient to remove the possibly aggregated TGBp2 prior
to the linear sucrose gradient. As expected, a signiﬁcant portion of Bip
was fractionated at the bottom part of the gradient (higher
concentration of sucrose) (Fig. 2C); they were supposed to be Bip
entrapped within the rough ER-derived vesicles. More importantly,
most TGBp2 were found to fractionate with Bip at the bottom part of
the gradient, indicative of the association of TGBp2with the domain of
rough ER.
TGBp2 is an integral membrane protein
To further support that TGBp2 is an integral membrane protein, a
chemical extraction assay used to characterize the 6-kDa reticulum-
targeted viral protein of Tobacco etch virus (TEV) was adopted (Schaad
et al., 1997). In this assay, the P30 containing the proteoliposome-
associated TGBp2 were extracted with either 4 M urea or 1 M KCl,
both of which would dislodge proteins peripherally bound to the
membrane or extracted with 0.1 M Na2CO3 (pH 10.5) which would
dislodge proteins entrapped within the membrane structures (Fujiki
et al., 1982). As shown in Fig. 3A, TGBp2 remained associated with
P30 after the extraction. The strong association of TGBp2 with
membrane indicated that it is most likely integrated into the
membrane.pared from the BaMV-infected tissues. (A) Chemical extraction of TGBp2 associated with
extracted with 1 M KCl, 4 M urea, or 0.1 M Na2CO3 (pH 10.5) and then subjected to
then analyzed with pre-cleaned anti-TGBp2. (B) Trypsin digestion of TGBp2 associated
aMV-infected N. benthamiana (left panel) or C. quinoa (right panel) was digested with 0,
as then subjected toTricine SDS-PAGE and analyzed for peptide fragments cross-reacting
⁎ or ⁎⁎. Shown on the left margin are the molecular masses (in kDa) of protein markers.
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trypsin digestion of TGBp2 associated with the proteoliposomes in
P30 puriﬁed from both N. benthamiana and C. quinoa was performed
(Fig. 3B). Generation of stable tryptic fragment(s) of TGBp2 was
expected if TGBp2 was indeed an integral membrane protein with
certain region(s) being protected bymembrane insertion. As shown in
left panel of Fig. 3B, stable tryptic fragments with apparent sizes of
about 11 and 19 kDa (as indicated by ⁎ and ⁎⁎), reacting to the pre-
cleaned anti-TGBp2 and migrating faster than the monomeric and
dimeric TGBp2, respectively, appeared in compensation of the gradual
diminishment of the monomeric and multimeric TGBp2 when the
TGBp2-containing proteoliposomes isolated from the BaMV-infected
N. benthamiana were digested with an increasing dose of trypsin.
Similarly, the 11-kDa stable tryptic fragment was also detected (as
indicated by ⁎) when the TGBp2-containing proteoliposomes isolated
from C. quinoawere digested with trypsin (Fig. 3B, right panel). Taken
together, these results indicated that the stable tryptic fragments are
derived from the membrane-integrated TGBp2. Moreover, the minorFig. 4.Membrane integration of TGBp2 in vitro. (A) The electron micrographs of TGBp2-Tri
(B) and (E) Ficoll gradient centrifugation of the in vitro reconstituted proteoliposomes. Dis
gradient. To analyze the distribution of TGBp2 and CP, each sample from the gradient was
and immunological analysis with anti-TGBp2 or anti-CP. The arrow indicates the concentr
Fraction I CP is free in solution; fraction II CP is associated with the phospholipids. ▲, conc
(A) or CP (D) in each fraction of the gradient. (C) Chemical extraction of TGBp2-containing
that described in Fig. 3A. (D) Trypsin digestion of TGBp2. Left panel, trypsin digestion of TG
of TGBp2 extracted from the reconstituted proteoliposomes with Triton X-100 (TX-100). In
30 min, run on Tricine SDS-Polyacrylamide gel, and immunoblotted with anti-TGBp2. (F) Tr
fraction I and fraction II were digested with the indicated amounts of trypsin for 30 min, d
and immunoblotted with anti-CP. Shown on the left margins of (C), (D) and (F) are the mchange in size of the 11-kDa stable tryptic fragment from the
monomeric TGBp2 (13 kDa) indicated that only a minor portion of
TGBp2 was exposed to the outer surface of proteoliposomes and
digested by trypsin.
In vitro reconstitution of proteoliposomes containing TGBp2
In order to correctly study the topological as well as biochemical
properties of TGBp2, proteoliposomes containing exclusively TGBp2
were prepared in accordance with the micelle-vesicle transition
theory (Maire et al., 2000; Ollivon et al., 2000), in which the Triton X-
100-solubilized TGBp2 was mixed with the asolectin-Triton X-100
micelles before the removal of Triton X-100with Bio-beads. Successful
reconstitution of the proteoliposomes was conﬁrmed by analytical
electron microscopy (AEM) and co-fractionation of TGBp2 with
phospholipids in the Ficoll gradient. The reconstituted liposomes
can be clearly seen in the right panel of Fig. 4A. The sedimentation of
liposomes in the Ficoll gradient is shown in Fig. 4B. The observationton X-100 micelles (Left panel) and TGBp2-containing proteoliposomes (Right panel).
tribution of TGBp2 and phospholipids (B) or CP and phospholipids (E) along the Ficoll
delipidated (see Materials and methods) before being subjected to Tricine SDS-PAGE
ation (0–10%; w/v) of Ficoll in the gradient. The CP was separated into two fractions.
entration of phospholipids in each fraction of the gradient; ●, concentration of TGBp2
proteoliposomes reconstituted in vitro. Method used for the analysis was the same as
Bp2 integrated into the reconstructed proteoliposomes; right panel, trypsin digestion
the assay, the TGBp2 samples were digested with the indicated amounts of trypsin for
ypsin digestion of CP associated with the reconstructed proteoliposomes. CP from both
elipidated as described in the Materials and methods, run on SDS-Polyacrylamide gel,
olecular masses (in kDa) of protein makers.
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migrated with phospholipids at a position approximately midway
along the gradient suggested that TGBp2 is able to associate with
proteoliposomes during in vitro reconstitution. However, direct
evidence for the integration of TGBp2 into the lipid bilayers came
from both chemical extraction and trypsin digestion of the recon-
stituted TGBp2-containing proteoliposomes. As shown in Fig. 4C, the
main portion of TGBp2 in the reconstituted proteoliposomes was
resistant to extraction with Na2CO3 (pH 10.5), 4 M urea or 1 M KCl, as
was seen for TGBp2 in P30 of the BaMV-infected leaf tissues (Fig. 3A).
Moreover, amajor stable tryptic fragment of TGBp2 (Fig. 4D, left panel;
indicated by ⁎) with a gel mobility of about 11 kDa similar to that
observed for the digestion of the P30-associated TGBp2 (Fig. 3B) was
detected. However, no such stable tryptic fragment accumulated
when TGBp2 in the proteoliposomes was solubilized with Triton X-
100 prior to trypsin digestion (Fig. 4D, right panel). These results
strongly indicated that the TGBp2 is successfully incorporated into the
lipid bilayers during proteoliposome reconstitution. Moreover, the
presence of a major stable tryptic fragment indicated that a major
membrane topology of TGBp2 is achieved during the proteoliposome
reconstitution.
Membrane integration of TGBp2 is not an accidental event
To ensure that the membrane integration of TGBp2 in vitrowas not
an accidental event, the capsid protein (CP) of BaMV, which is soluble
in cytoplasm of the infected tissues, was subjected to a parallel in vitro
proteoliposome reconstitution and Ficoll gradient centrifugation. The
distributions of CP and phospholipids along the gradient are shown in
Fig. 4E. Two fractions (I and II) of CP were observed. One is separated
from the phospholipids; the other is associated with the phospholi-
pids. These two fractions of CP were further digested with trypsin (Fig.
4F). Complete digestion of CP in fraction I indicated that the CP is free
in solution. Two different fates were found for CP in fraction II. The
portion of CP which remained intact throughout the digestion was
assumed to be entrapped within the proteoliposomes; however, the
portion of CP which disappeared at higher concentrations of trypsin
(N10 ng/test) was thought to bind peripherally to the proteolipo-
somes. The difference in nature of trypsin digestion between TGBp2
and CP strengthened the idea that TGBp2 is an intrinsic integral
membrane protein.Fig. 5. Self-assembly of TGBp2 in the proteoliposomes. (A) Crosslinking of TGBp2 in the r
containing about 0.025 μg of TGBp2 was crosslinked in the presence of 0.25 mM of BS3 before
the disulﬁde-oxidation agent, Cu(OP)2. About 0.15 μg of TGBp2 in the proteoliposomes was
concentration of DTT was 1 mM. (C) The possible forms of TGBp2 in the BaMV-infected tissu
45% sucrose layers (see Materials and methods) were subjected to immunological analysis. T
not during the preparation of membrane vesicles from the plant tissues and the loading of sa
healthy (H) and BaMV-infected (I) N. benthamiana, respectively. Proteins which react with a
and have apparent sizes expected of the monomeric (M), dimeric (D), trimeric (Tr), and tetram
used to detect the TGBp2. Shown on the left margin of each panel are the molecular masseTGBp2 is able to self-assemble in proteoliposomes
It is generally believed that oligomerization plays a critical role in
maintaining the tertiary structure and function of transmembrane
proteins. Does TGBp2 also oligomerize in the membrane? The
existence of an SDS-resistant TGBp2 dimer in the reconstituted
TGBp2-containing proteoliposomes (Fig. 5A, left lane) suggested that
thismay be the case. To verify this idea, chemical crosslinking of TGBp2
in the reconstituted proteoliposomes was performed. Signiﬁcant
increases in multimeric TGBp2 were observed as TGBp2 in the
reconstituted proteoliposomes was crosslinked with the membrane-
impermeable homobifunctional crosslinker, BS3 (Fig. 5A, right lane) or
with the oxidation agent, Cu(OP)2, which catalyzes the formation of
disulﬁde bonds between SH groups (Fig. 5B). Moreover, proteins in the
proteoliposomes puriﬁed from both the healthy and BaMV-infected
tissues and reactive to anti-TGBp2 pre-cleaned with the proteolipo-
somes prepared from healthy tissues were compared. As shown in
Fig. 5C, protein bands, with apparent sizes for monomeric (M), dimeric
(D), trimeric (Tr), and tetrameric (Te) TGBp2, were observed in the
BaMV-infected tissues but not in the healthy plant tissues treated with
2-ME. The monomeric TGBp2 in the BaMV-infected tissues became
almost undetectable as 2-ME was omitted, suggesting that TGBp2
molecules are able to form intermolecular disulﬁde linkages amongst
themselves or with other protein molecules. Thus, TGBp2 molecules in
the proteoliposomes prepared fromboth the BaMV-infected tissues and
in vitro reconstitution systemwere able to interact with each other.
TGBp2 are supposed to possess a native membrane topology in the
reconstituted proteoliposomes
On the basis of the positive inside rule for assembly of integral
membrane protein (Gafvein et al., 1997; Jones et al., 1994), it has been
proposed that the potex-like TGBp2 possesses a U-like conformation
with both the short N- and C-terminal tails exposed to the cytoplasm
and the long internal loop located in the ER lumen (Morozov and
Solovyev, 2003; Zamyatnin et al., 2006). Our observation of a minor
change in size of the major stable TGBp2-derived tryptic fragment
from the intact monomeric TGBp2 when the TGBp2-containing
proteoliposomes puriﬁed from the BaMV-infected tissues and
reconstituted in vitro were digested with trypsin (as indicated by ⁎
in Figs. 3B and 4D) indicated that only a small region(s) of TGBp2 waseconstituted liposomes with the membrane-impermeable crosslinker, BS3. Liposomes
immunological analysis. (B) Crosslinking of TGBp2 in the reconstituted liposomes using
crosslinked with 2 μM Cu(OP)2 before immunological analysis. Where used, the ﬁnal
es. Sample proteins (membrane vesicles) obtained from the interface between 34% and
he + and − sign for 2-ME (β-mercaptoethanol) indicated that 1 mM 2-ME was added or
mple. The amounts of proteins loaded were equivalent to 0.1 and 0.05 g of leaf tissues of
nti-TGBp2 pre-cleaned with membrane vesicles prepared from healthy N. benthamiana
eric (Te) TGBp2 are indicated. Both 4-chloro-1-naphthol and chemiluminescence were
s (in kDa) of protein markers.
Fig. 6. Determination of the membrane topology of TGBp2 by chemical modiﬁcation. (A) The proposed membrane topology of TGBp2 of potexviruses. The three cysteine residues of
TGBp2, Cys109, Cys112, and Cys119, which are located at the C-terminal tail of TGBp2 and on the outer surface of the membrane vesicle, are indicated. (B) MPB modiﬁcation of the
cysteine residues of TGBp2. Themethod used for the assay is described in the section of Materials andmethods. The TGBp2 transferred to the PVDFmembranewas probedwith either
avidin-HRP (left panel) or anti-TGBp2 (right panel). The positions of monomeric (M), dimeric (D), and trimeric (Tr) TGBp2 are indicated. Shown on the left margin are the molecular
masses (in kDa) of protein markers.
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helices and the U-loop region of TGBp2 escaped trypsin digestion
(Fig. 6A). In other words, both the short N- and C-terminal tails of
TGBp2 are exposed to the surface of the proteoliposomes puriﬁed
from the BaMV-infected tissues or reconstituted in vitro. Thus, most
TGBp2 in the proteoliposomes are supposed to have a membrane
topology similar to that of the native TGBp2 as proposed by the
positive inside rule (Morozov and Solovyev, 2003) or by the BiFC
assay (Zamyatnin et al., 2006).
To corroborate the idea that TGBp2 in the reconstituted proteolipo-
somes possesses a native membrane topology, sequential maleimide
modiﬁcation of cysteine residues (Cys-109, Cys-112, and Cys-119),
located at the C-terminal tail of TGBp2 (Fig. 6A), was ﬁrst performed.
Two maleimides, AMS and MPB, were employed (see Materials and
methods). MPB contains a biotin moiety which is easily detected by
avidin-HRP. If the cysteine residues were exposed to the outer surface
of the reconstituted proteoliposomes, pre-modiﬁcation of TGBp2 with
AMS would lower the level of subsequent modiﬁcation of TGBp2 by
MPB. As shown in the left panel of Fig. 6B, there was only insigniﬁcant
MPB modiﬁcation of TGBp2 when the proteoliposomes were pre-
treated with AMS in the absence of Triton X-100 (lane 1); however,
MPB modiﬁcation became very signiﬁcant when AMS was omitted
(lane 3). A similar effect of AMS pretreatment on MPB modiﬁcation of
cysteines was observed when the TGBp2-containing proteoliposomes
were disrupted with Triton X-100 (lanes 2 and 4). Since the levels of
TGBp2 in each of the assayed samples were similar (Fig. 6B, right
panel), we believed that most of the TGBp2 molecules in the
reconstituted proteoliposomes had their C-terminal tails exposed to
the outer surface of the proteoliposomes. Unfortunately, we were
unsuccessful in attempts to determine the membrane orientation of
the N-terminal tail of TGBp2 by analysis of the N-terminal sequence of
the TGBp2-derived stable tryptic fragments (indicated by ⁎ in both Fig.
3B and Fig. 4D), due to the difﬁculty in puriﬁcation of the tryptic
fragments. Nevertheless, on the basis of the similar sizes (∼11 kDa) of
the stable tryptic fragments generated from trypsin digestion of the
proteoliposomes prepared from both the BaMV-infected tissues and in
vitro reconstitution system (Figs. 3B and 4D), we proposed that TGBp2
mainly possesses a topology with both its N- and C-terminal tails
exposed to the outer surface of the reconstituted proteoliposomes.
Discussion
We have successfully overexpressed the BaMV TGBp2, prepared
antibodies against this protein, and demonstrated that TGBp2 is an
integral membrane protein which is able to self-assemble.The BaMV TGBp2 was targeted to the ER as revealed by its
association with the membrane structures puriﬁed from the BaMV-
infected tissues and its co-fractionation with the ER luminal Hsc70
protein, Bip (Fig. 2). This is consistent with the transiently expressed
TGBp2 of Potato virus X (PVX), Poa semilatent virus (PSLV), and Potato
mop-top virus (PMTV), which were reported to associate with ER and
ER-derived vesicles (Haupt et al., 2005; Ju et al., 2005; Mitra et al.,
2003; Solovyev et al., 2000). The partition of TGBp2 in the cell wall
(P1) fraction of the BaMV-infected tissues (Fig. 2A) was expected,
since the cell wall contains PD transversed by endomembrane, of
which ER is one of the major components (Haywood et al., 2002).
At least three approaches have been reported to be useful for
proteoliposome reconstitution; they include spontaneous insertion of
detergent-solubilized protein into preformed lipid bilayers (Scotto
and Zakim, 1988), refolding and oriented insertion of membrane
protein into lipid bilayers in the absence of detergent (Surrey and
Jahnig, 1992), and blending of detergent–lipid mixed micelles with
detergent-solubilized proteins (Knol et al., 1996; Knol et al., 1998;
Parmar et al., 1997; Parmar et al., 1999). Taking advantage of the last
approach, TGBp2 solubilized with Triton X-100 (Fig. 4) or n-octyl-β-D-
glucopyranoside (OGP) (data not shown) was successfully incorpo-
rated into the asolectin-derived proteoliposomes. On the basis of the
results of trypsin digestion (Figs. 3B and 4D) and MPB modiﬁcation
(Fig. 6) of TGBp2 residing in the proteoliposomes, we argue that
TGBp2 in the proteoliposomes has a membrane topology similar to
that proposed for native TGBp2 in the ER (Morozov and Solovyev,
2003) and also for TGBp2 in the motile vesicles budding from the ER.
Thus, the in vitro reconstituted TGBp2-containing proteoliposomes
are useful for future study of the biochemical properties of TGBp2 and
their function in cell-to-cell movement of viral RNA.
The observation of multimeric TGBp2 in proteoliposomes puriﬁed
from the BaMV-infected tissues and in the reconstituted TGBp2-
containing proteoliposomes (Fig. 5) suggests that TGBp2 is able to self-
assemble.Hydrophobichelical packing, as evidencedby thepresenceof
the SDS-resistant dimeric TGBp2 (Fig. 5A), and intermolecular bridging,
as evidenced by the ability of crosslinking of TGBp2with BS3 orwith Cu
(OP)2 (Fig. 5B), are possiblemodes for self-assembly of TGBp2. Actually,
self-interaction of TGBp2 and heterologous interaction of TGBp2 and
TGBp3 of PMTV have also been reported (Cowan et al., 2002). The
biological signiﬁcance of self-assembly of TGBp2 remains unclear. It
was once proposed that TGBp2 may be assembled through its central
conserved domain, which causes deformation of ER and leads to the
buddingof ER vesicles (Ju et al., 2007; Lalonde et al., 2003); however, no
evidence supporting this idea has been obtained. On the basis of our
crosslinking data of TGBp2 and the concept of membrane protein
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hydrophobic helical packing and/or intermolecular bridging (at least
disulﬁde bridging), which in turn helps to stabilize the membrane
topology of TGBp2 and thus its function in viral RNA transport.
The exposure of both the N- and C-terminal tails of TGBp2 to the
outer surface of ER as evidenced by the maleimide modiﬁcation (Fig.
6) and BiFC assay (Zamyatnin et al., 2006) indicates that the central
domain of TGBp2must be in the interior of ER. Probably, this domain is
able to interact with the ER luminal factors, such as small GTPases
(ARFs), to regulate the budding of normal TGBp2-induced membrane
vesicles (Ju et al., 2007). In contrast, both the N- and C-terminal tails of
TGBp2 exposed to the outer surface of the motile vesicles may help to
direct the viral RNA to the plasmodesmata along the actin-ER network
(Haupt et al., 2005).
Materials and methods
Overexpression, puriﬁcation, and antiserum preparation of BaMV TGBp2
To overproduce TGBp2, two linker primers, M2F and M2R, were
prepared. The forward primer, M2F (5′-ATCAGAAAGCTTAAGGAGATA-
TACATATGGACCAGCCTCTTCATC-3′), possesses a ribosome-binding
sequence (the underlined bases) and an upstream HindIII restriction
site, while the reverse primer, M2R (5′-CTCTTGGGATCCTCAGTGTT-
TAGCATGGTG-3′), has a BamHI cloning site. Using the pCBG plasmid
containing the full-length cDNA of BaMV-S as template (Lin et al.,
2004), the DNA fragment encoding TGBp2 was ampliﬁed by
polymerase chain reaction and inserted into the compatible sites of
pT7-6 plasmid (Tabor, 1990) after HindIII and BamHI digestion. The
resultant plasmid, pCT14, was able to overproduce TGBp2 in E. coli
BL21(DE3). The overexpressed TGBp2 was insoluble and associated
with the cell debris of E. coli.
The TGBp2 in cell debris were separated on Tricine SDS-poly-
acrylamide gel, stained with a 4 °C-cold 0.25 M KCl solution, cut out
from the gel, andﬁnally recovered by electroelution. The TGBp2 sample
thus puriﬁed was highly pure and showed single band on Tricine SDS-
polyacrylamide gel. The identity of TGBp2 was conﬁrmed by N-
terminal chemical sequencing. Antiserum against TGBp2 was then
raised in New Zealand white rabbits using the gel-puriﬁed protein.
Thepuriﬁed TGBp2were precipitatedwith 4 volumes of −20 °C cold
acetone, washed 4 times with a solution containing 80% acetone and
20% buffer A (50mMTris–HCl, pH 8.0, 0.1mMEDTA, 0.15MNaCl,1mM
DTT, and 5 mM PMSF), and kept at −20 °C in 80% acetone solution.
Cell fractionation of the BaMV-infected tissues
In brief, N. benthamiana or C. quinoa leaves were inoculated with
BaMV-S and collected 8 days post-inoculation. Infected leaves (5 g)
were ground in liquid nitrogen before the addition of 10 ml extraction
buffer (10 mM Tris–HCl, pH 7.5, 10 mM KCl, 5 mM MgCl2, 400 mM
sucrose, 20% glycerol, 1% (v/v) 2-mercaptoethanol (2-ME), 5 mM DTT,
and 5 mM PMSF) and further homogenization. The leaf homogenate
was centrifuged for 10 min at 1000 ×g to separate the pellet (P1) and
supernatant (S1) fractions. The P1 contained cell wall, nuclei and
chloroplasts of the homogenized cells. The S1 was further centrifuged
at 30,000 ×g, 4 °C for 30 min to obtain the soluble cytosolic (S30) and
the precipitated membrane fraction (P30).
Preparation of proteoliposomes for analyses of the association of TGBp2
with endoplasmic reticulum (ER) and the self-assembly of TGBp2 in the
BaMV-infected tissues
The P30 fraction from 5 g of the BaMV-infected C. quinoa or N.
benthamiana leaves was washed once with 5 ml of grinding buffer
(25 mM Tris–Hepes, pH 7.4, 3 mM EDTA, 250 mM sucrose, and 5 mM
PMSF), and centrifuged at 80,000 ×g, 4 °C for 40 min. The pellet (P80)was then grounded with 1 ml buffer (1 mM Tris–Hepes, pH 7.4, and
20% sucrose), layered on a step sucrose gradient consisting of 2 ml of
34% sucrose (0.55 mM Tris–Hepes, pH 7.4) and 7 ml of 45% sucrose in
the same buffer, and centrifuged at 80,000 ×g, 4 °C for 2 h in a Hitachi
RPS40 T swing bucket rotor to remove the aggregated TGBp2
precipitated in the bottom of the centrifuge tube (Robert and Martha,
1979). Afterwards, 0.5 ml of the membrane sample collected from the
interface of the two sucrose layers was diluted with 3 volumes of
extraction buffer lacking in glycerol and sucrose. The membrane
sample from healthy leaves can be used for pre-cleaning of anti-
TGBp2. For analysis of the association of TGBp2 with ER, the
membrane sample was further layered on a 20–45% linear sucrose
density gradient, centrifuged at 143,000 ×g, 4 °C for 4 h, and
fractionated into 20 portions (0.6 ml/portion). Trichloroacetic acid
(TCA) was added to each of the fractionated samples at a ﬁnal
concentration of 10% to precipitate proteins. After centrifugation, the
pellet was resuspended with extraction buffer containing 1% Igepal
CA-630 before being further precipitated with acetone. The ﬁnal
protein pellet was analyzed for Bip (a 78-kDa endoplasmic reticulum
luminal Hsc70 protein) and TGBp2 usingmonoclonal antibody against
Bip (Medical and Biological Laboratories Co) and polyclonal antibody
against TGBp2, respectively.
Immunological analysis of TGBp2
Protein samples of P30 equivalent to 50 mg of leaf tissues were
separated on a Tricine SDS-polyacrylamide gel and transferred to a
PVDF (Polyvinylidene Fluoride, Millipore) membrane. The membrane
was blocked with PBST (1.5 mM NaH2PO4.H2O, 8 mM Na2HPO4,
145 mM NaCl, and 5 ml/l TWEEN 20) supplemented with 5% non-fat
dry milk for 1 h at 6 °C, washed twice (5 min/time) with PBST, and
incubated with anti-TGBp2 (2000-fold dilution) or pre-cleaned anti-
TGBp2 (2500-fold dilution) in 1% non-fat dry milk in PBST at 6 °C
overnight. After washingwith PBST buffer 5 times (totally 35min), the
membrane was further incubated with goat anti-rabbit secondary
antibody (3000-fold dilution) in 1% non-fat dry milk in PBST for 5 h at
6 °C and washed 5 times again with PBST. To pre-clean anti-TGBp2,
1 ml of membrane or proteoliposome sample prepared from 5 g of
healthy N. benthamiana or C. quinoa (see previous section for the
preparation of membrane sample by step sucrose gradient) was
incubated with 1 ml of anti-TGBp2 at 4 °C overnight using a rotation
mixer. The mixture was centrifuged at 100,000 ×g, 4 °C for 1 h; the
pre-cleaned anti-TGBp2 in the supernatant was recovered. Protocol
used for chemiluminescence visualization of TGBp2 was the same as
that supplied by PerkinElmer.
Solubilization and refolding of TGBp2
To solubilize and refold TGBp2, the acetone pellet of TGBp2 was
vacuum-dried, dissolved in buffer S (20 mM Tris–HCl, pH 7.4, 0.1 mM
EDTA, 100 mM NaCl, 1 mM DTT, and 1 mM PMSF) supplemented with
6 M guanidine hydrochloride (Gn–HCl), dialyzed against buffer S, and
centrifuged at 4 °C, 8050 ×g with a Hitachi SS-34 rotor to remove
soluble impurities. The pellet containing TGBp2 was again solubilized
with buffer S supplemented with 6 M Gn–HCl and 1% (w/v) of Triton
X-100. The resultant solution was centrifuged at 8050 ×g, 4 °C for
10 min and the supernatant obtained was dialyzed against buffer S
containing 1% (w/v) of Triton X-100 to remove Gn–HCl and allow the
refolding of TGBp2. The TGBp2 which became soluble after dialysis
was assumed to possess a functional conformation on the basis of the
general concept of membrane protein chemistry (Hjelmeland, 1990).
Preparation of lipid-detergent mixed micelles
To prepare lipid–detergent mixed micelles, 10 mg of asolectin
(Fluka) containing phospholipids (phosphotidylcholine, 24%; phos-
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acid, 6%; phosphotidylinositol, 1%; lysoderivatives, 9%; other phos-
pholipids, 2%) from soybean was dissolved in 1 ml of cyclohexane,
placed into a round bottom ﬂask, and dried with a rotary evaporator
on a 25 °C water bath. This operation produced a ﬁne asolectin ﬁlm on
the wall of the ﬂask. The residual cyclohexane in the ﬁlm was then
removed by vacuum evaporation (Leventis and Silvius, 1990). The
asolectin ﬁlm was dissolved with 1 ml of buffer S containing 1% (w/v)
of Triton X-100, collected and passed through a membrane disc
(cellulose acetate, 0.22 μm). The concentration of phospholipids in the
ﬁltrate was about 10 mg/ml.
In vitro reconstitution of liposomes containing TGBp2
Micelle–vesicle transition theory was adopted to prepare the
TGBp2-containing liposomes (Ollivon et al., 2000). Brieﬂy, 30 μg of
Triton X-100-solubilized TGBp2 was mixed with asolectin-Triton X-
100 mixed micelles at 4 °C (the weight ratio of TGBp2 to asolectinwas
1:200). Themixturewas then incubated at 4 °C for 30min on a rotation
mixer before removal of Triton X-100 with buffer S-equilibrated Bio-
beads (Bio-Rad) at 4 °C overnight on the same rotation mixer.
Puriﬁcation of the reconstituted TGBp2-containing proteoliposomes
The reconstituted TGBp2-containingproteoliposomeswere layered
on the top of a linear Ficoll (Sigma, type 400) gradient (0–10%, w/v) in
buffer S. Then, the samplewas centrifuged at 110,000 ×g, 4 °C for 20 h in
a Hitachi RPS40T swing bucket rotor. After centrifugation, the gradient
sample was fractionated into 500 μl fractions and the contents of
protein and phospholipid in each fractionwere analyzed. The fractions
containing both TGBp2 and phospholipids were collected.
Assay of TGBp2 in Ficoll gradient
Each fraction of the gradient sample was mixed with a solution of
400 μl of methanol, 200 μl of chloroform and 300 μl of deionizedwater.
After vortexing, the mixture was centrifuged at 2000 rpm in a
microcentrifuge for 10 min. The upper layer of the sample solution
was discarded and 300 μl of methanol was added to the remaining
interface and bottom layer of the sample. The mixture was again
centrifuged at 2500 rpm for 10 min to pellet TGBp2. After drying, the
TGBp2 was subjected to Tricine SDS-polyacrylamide gel electrophor-
esis (PAGE) and immunological analyses.
Phosphate assay
A phosphate assay (Fiske and Subbarow, 1925) was used to localize
phospholipids in fractions of the Ficoll gradient. Brieﬂy, 50 μl of ashing
buffer, 10% Mg(NO3)2 in ethanol, was added to a 100 μl aliquot from
each fraction. After mixing, the sample was ﬂamed with a Bunsen
burner towhite ash, which was then solubilizedwith 0.3 ml of 1 N HCl
and heated in boiling water for 15 min. After cooling to room
temperature, the sample was mixed with 100 μl of 10% ascorbic acid
and 600 μl of 0.42% ammonium molybdate in 1 N sulfuric acid. The
resultant sample was incubated at 45 °C for 20 min before measuring
the optical density at 820 nm and comparing against a calibration
curve obtained by replacing the gradient sample with 3 to 30 μl of
1 mM NaH2PO4 solution.
Chemical modiﬁcation of TGBp2
Initially, 1 μg of TGBp2-containing proteoliposomes were incu-
bated in 500 μM 4-acetamido-4′-maleimidylstilbene-2, 2′-disulfonic
acid disodium salt (AMS, Molecular Probes) for 20 min at room
temperature to block water-accessible cysteines of TGBp2. Excess AMS
in the reaction mixture was inactivated with 3 mM 2−ME. Then, thereactionmixturewas dialyzed against buffer S for 1 h at 4 °C to remove
AMS/2−ME. Afterwards, Triton X-100 at a ﬁnal concentration of 1% (w/
v) was used to disrupt the proteoliposomes. The sample mixture was
further incubated with 200 μM Nα-(3-maleimidylpropionyl) biocytin
(MPB, Molecular Probes) at room temperature for 20 min to
biotinylate TGBp2. Excess un-reacted MPB was ﬁnally quenched
with 1 mM 2−ME. The biotinylated TGBp2 was precipitated with
acetone before Tricine SDS-PAGE and blotting analyses, using avidin-
HRP (Sigma) to assess the biotinylation of TGBp2 or TGBp2 antibody
coupled with HRP-conjugated secondary antibody to measure the
content of TGBp2.
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